Abstract: S100B is highly over-expressed in many cancers, including malignant melanoma. In such cancers, S100B binds wild-type p53 in a calcium-dependent manner, sequestering it, and promoting its degradation, resulting in the loss of p53-dependent tumor suppression activities. Therefore, S100B inhibitors may be able to restore wild-type p53 levels in certain cancers and provide a useful therapeutic strategy. In this regard, an automated and sensitive fluorescence polarization competition assay (FPCA) was developed and optimized to screen rapidly for lead compounds that bind Ca 2+ -loaded S100B and inhibit S100B target complex formation. A screen of 2000 compounds led to the identification of 26 putative S100B low molecular weight inhibitors. The binding of these small molecules to S100B was confirmed by nuclear magnetic resonance spectroscopy, and additional structural information was provided by X-ray crystal structures of several compounds in complexes with S100B. Notably, many of the identified inhibitors function by chemically modifying Cys84 in protein. These results validate the use of high-throughput FPCA to facilitate the identification of compounds that inhibit S100B. These lead compounds will be the subject of future optimization studies with the ultimate goal of developing a drug with therapeutic activity for the treatment of malignant melanoma and/or other cancers with elevated S100B.
Introduction
S100B, a small (21 kDa), dimeric, Ca 2+-and Zn
2+
-binding protein, is elevated in several types of cancer including reactive gliomas, renal cell tumors, malignant mature T-cells, and malignant melanoma, where its expression correlates inversely with patient survival. [1] [2] While aberrant expression of S100B has been used as a cancer marker in melanoma for over 20 years, more recent discoveries indicate that S100B, and other S100 proteins (S100A1, S100A2, S100A4, S100A6), contribute to tumorigenesis by interacting with and downregulating the tumor suppressor protein, p53, and its homologs p63 and p73. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Specifically, a decrease in transcription activation, as well as protein levels of ectopically expressed p53 and p53-regulated gene product, occurred in H1299 cells upon coexpression with S100B. 5 The C8146A malignant melanoma cells express high levels of S100B that, when knocked down by the introduction of siRNA S100B 18,19 Taking advantage of existing atomic resolution structural information for S100B and its Ca 2+ -dependent target protein interactions (see Figure 1 ), a high-throughput screening (HTS) method was designed and implemented to identify rapidly and reliably compounds that bind the p53 binding site on S100B and inhibit their complex formation. A peptide derived from the C-terminus of p53 residues 367-388 (p53 ) was found to bind S100B in a Ca 2+ -dependent manner, inhibiting the PKC-dependent phosphorylation of the peptide in a manner identical to what is seen for full length p53. [20] [21] Therefore, the three-dimensional structure of this peptide bound to Ca 2+ -S100B was determined using nuclear magnetic resonance (NMR) spectroscopic methods, revealing that a hydrophobic cleft exposed upon Ca 2+ binding to S100B is necessary for binding p53. 20, 22, 23 Several other peptides and small molecules have been shown to interact with this hydrophobic pocket on S100B, in particular a small 12-residue peptide, TRTK-12, that was sufficient for inhibiting complex formation between S100B and full-length p53. 18, 19 The NMR solution and X-ray crystal structure TRTK-12 bound to S100B confirms that it binds in the same hydrophobic pocket on S100B as does p53 (see Figure 1B) . 24, 25 With this in mind, an in vitro fluorescence polarization competition assay (FPCA) using an N-terminal 5-carboxytetramethylrhodamine (TAMRA)-labeled version of the TRTK-12 peptide (TAMRA-TRTK) was developed to screen for inhibitors that target this discrete hydrophobic pocket on Ca 2+ -loaded S100B. Fluorescent polarization assays have been increasingly used in HTS due to their generally good sensitivity, rapid response, homogeneous format (no separation steps needed), and simple instrumentation, as reviewed by Huang and Aulabaugh. 26 The principle of fluorescence polarization is well suited to studying the interaction of molecules 
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Inhibitors of the S100B-p53 interaction with significantly different molecular weights, such as the S100B at 10.7 kDa and the TRTK-12 peptide at 1.5 kDa used here. The smaller probe is labeled with a fluorophore and then exposed to polarized light, leading to excitation of only those molecules in the correct orientation. The fluorescence emission is measured parallel and perpendicular to the excitation source, allowing the degree of polarization to be determined. The larger, slower, tumbling molecules will retain a higher degree of polarization, such as when the peptide probe is bound to the larger S100B, while the smaller faster-moving unbound probe will have a lower polarization. In our FPCA assay, the probe will be displaced, or competed off, by small molecules decreasing the fluorescence polarization ( Figure 2 ). The high-throughput FPCA developed was used to screen the 2000-compound Spectrum Collection comprised of known drugs and biologically active compounds, and revealed several compounds that inhibit the TRTK-S100B interaction. NMR spectroscopic methods confirm that the compounds bind S100B, and X-ray crystal structures have been determined for three of the compounds from the library. Structures of chlorpromazine (SC0067), thimerosal (SC0322), and sanguinarine (SC0844) bound to S100B indicate that all three molecules have the same hydrophobic cleft of Ca 2+ -loaded S100B. Two of the structures reveal that the compounds covalently modify Cys84 in S100B, and further studies confirm that many of the inhibitors found in this screen may function in a similar mannner.
Material and methods Materials
All chemical reagents were American Chemical Society grade or higher unless otherwise indicated. All buffers were passed through Chelex-100 (Bio-Rad, Hercules, CA) to Schematic illustrating the FPcA. The FPcA uses the change in polarization of a TAMrA-labeled peptide derived from residues 265-276 of the actin capping protein capZ (TAMrA-TrTK) that binds to S100B in the same region as p53 peptide (see Figure 1 ). In the presence of calcium, S100B binds TAMrA-TrTK causing the peptide to rotate slower, and the polarization values to increase. The addition of compounds that bind the same region displace the peptide, allowing it to rotate freely and decreasing the polarization value. A HTS version of this assay was used to screen for putative inhibitors of S100B, and it is also used to determine the binding affinity (K D ) of the compound to S100B (see Table 2 ). The S100B dimer is shown in blue, the TAMrA-TrTK in red, and the ca 2+ ions are shown as orange spheres. Abbreviations: FPcA, fluorescence polarization competition assay; HTS, highthroughput screening.
Figure 1
The calcium-dependent interaction of S100B with p53. (A) The solution structures of, from top to bottom, apo-S100B (PDB 1SYM), ca-S100B (PDB 1QLK), and p53-ca-S100B (PDB 1DT7) reveal a large conformational change in S100B upon binding ca
2+
, exposing a hydrophobic cleft that is capable of binding the tumor suppressor p53. 22, 28, 58 One monomer of the dimeric S100B is shown in blue and the other in red with yellow residues, highlighting amino acids known to interact with the p53 367-388 peptide. The structured region of the p53 367-388 peptide formed by residues 374-388, shown in green, binds to the hydrophobic cleft between helix 3 (H3) and 4 (H4) of the ca 2+ -bound protein, thus connecting ca 2+ -signaling pathways with p53. There are actually two identical p53 binding sites on S100B but only one is shown occupied. (B) A close-up of helix 3 (H3) and 4 (H4) have been aligned with the same region in the TrTK-12 bound ca-S100B structure (PDB 1MWn) show that the p53 peptide (green) and the TrTK-12 peptide (red) bind the same site but with slightly different orientations. 24 In addition, the large hydrophobic Trp in TrTK-12 buries itself deeper in the core of S100B than the smaller, but homologous, Leu in the p53 367-388 peptide.
18,24
Abbreviation: nMr, nculear magentic resonance. 
Preparation of recombinant S100B
The pET11b expression vector (Novagen Inc., Madison, WI) containing either rat S100B gene, a double-mutant (C68/84S) rat S100B gene, or the bovine S100B gene (for crystallization) was used for the production of the S100B in HMS174 (DE3) cells (Novagen Inc., Madison, WI). 27 Mammalian S100B is highly conserved, rat is 95.6% homologous to bovine, with rat M7, E62, S78, and V80 being V7, S62, A78, and I80, respectively, in bovine S100B. Unlabeled and 15 N-labeled S100B were prepared and purified (.99%) under reducing conditions using procedures similar to those described previously, 27, 28 except that dithiothreitol (DTT) was used as a reducing agent instead of β-mercaptoethanol. The concentrations of S100B stock solutions were determined using the Bio-Rad Protein Assay (Bio-Rad Inc., Hercules, CA) using wild-type S100B of known concentration as the standard. The concentration of this S100B standard was determined by quantitative amino acid analysis (BioSynthesis Inc., Lewisville, TX). The S100B was stored at a concentration of ∼10 mM in ,2 mM TES or HEPES, at pH 7.2, with 0.5 mM DTT at −20°C until use.
Peptides
All peptides were synthesized using solid-state peptide synthesis and their purity was determined to be .95% by high pressure liquid chromatography and mass spectrometry (Biosynthesis Inc., Lewisville, TX). The p53 peptides were derived from the terminal 27 residues of human p53, residues 367-393 (SHLKSKKGQSTSRHKKLMFKTEGPDSD), either with the N-terminus acetylated (p53 ), fluorescein isothiocyanate (FITC)-labeled (FITC-p53 367-393 ), or TAMRA-labeled (TAMRA-p53 367-393 ). The TRTK-12 peptides are derived from the CapZ protein residues 265-276 (TRTKIDWNKILS), the C-termini are amidated, and have either the N-terminus acetylated (TRTK) or TAMRA-labeled (TAMRA-TRTK). The Hdm4 peptides derived from the human homolog of Mdm4 residues 25-43 (QINQVRPKLPLLKILHAAGAQ) have the C-termini amidated, and have either the N-terminus acetylated (Mdm4 [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] ) or TAMRA-labeled (TAMRA-Mdm4 [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] ). Each peptide was soluble and stored in H 2 O at pH 7.2. The concentration of the stock solutions of unlabeled peptides were determined by quantitative amino acid analysis (Biosynthesis Inc., Lewisville, TX) and/or determined using the extinction coefficient for the methyl ester of N-acetyl tryptophan, ε 280 = 5600 cm
−1 , as previously described. 20 The concentration of FITC peptides was determined at pH 8.0 using the extinction coefficient for amide-linked FITC, ε 494 = 68,000 cm
, and the TAMRA peptides by using the extinction coefficient for TAMRA, ε 547 = 65,000 cm
Fluorescent polarization competition assay
Fluorescence polarization experiments were performed in Corning 96-well, flat bottom, black assay plates (Corning, NY) in a final volume of 200 µL. The final assay buffer used in the screens contained 2.5 µM rat S100B (or 5 µM C68/84S mutant rat S100B), 50 nM TAMRA-TRTK, 50 mM TES or HEPES, pH 7.2, 15 mM NaCl, 100 mM KCl, 10 mM CaCl 2 , 0.10% Triton X-100, and 5% DMSO. Automation of the liquid handling and compound addition was performed using either an eight-span pipetting head-equipped Biomek NX P , or a 96-well pipetting headequipped Biomek FX laboratory automation workstation (Beckman-Coulter). Increasing amounts of S100B were added to determine the affinity of S100B for the peptide in these buffer conditions. The high throughput FPCA was performed at four different concentrations of compound, ie, 62.5, 31.3, 15.6, and 7.8 µM that, with the "no S100B" control and the "no inhibitor" control, could be used to estimate the IC 50 . More robust titrations of the "hits" from the high throughput FPCA were performed to determine more accurate IC 50 values for the compounds under the same conditions. All solutions used in the FPCA were incubated for a minimum of 15 minutes at 37°C, at which time the polarization was read at 37°C from the top of the well with a BMG POLARstar fluorescent plate reader (BMG Labtech, Durham, NC) using a 544 ± 5 nm excitation and 590 ± 15 nm emission filter.
The quality and suitability of the high-throughput FPCA were evaluated using the Z factor developed by Zhang et al. 30 The Z factor = 1 − (3SD b + 3SD f )/(µ b -µ f ), where µ b and µ f are the mean polarization (mP) values of the bound and free probe, respectively, and SD b and SD f are the standard deviations of those values for bound and free probe, respectively. The Z factor can be any value #1, with a value of 1 being an ideal assay, $0.5 but ,1.0 being an excellent assay, and a value ,0.5 being unacceptable for our application.
The binding data were fit using a single- Figure 3 ). 31 
Fluorescence polarization binding assay
The same buffer conditions as for the FPCA were used when determining the affinity of the different peptides for rat S100B or the C68/84S mutant rat S100B, except that an increasing concentration of S100B protein was added while monitoring the change in polarization at 544 ± 10 nm excitation and 590 ± 10 nm emission filter for TAMRA-labeled peptides and 485 ± 10 nm excitation and 520 ± 10 nm emission filter for the FITC-labeled peptide. All measurements were performed on a Varian Carey Eclipse fluorescence spectrophotometer with a control temperature cell at 37°C in a 3 × 3 mm cuvette. The binding data were fitted using a single-site binding model with Origin software (OriginLab Corp., Northampton, MA), with one peptide bound per symmetrical S100B subunit.
nuclear magnetic resonance spectroscopy NMR spectra were collected at 37°C with either a Bruker DMX600 NMR spectrometer (600.13 MHz for protons) or a Bruker AVANCE 800 NMR spectrometer (800.27 MHz for protons) equipped with pulsed-field gradients, four frequency channels, and triple resonance, z-axis gradient cryogenic probes. A one-second relaxation delay was used, and quadrature detection in the indirect dimensions was obtained with states-TPPI phase cycling; initial delays in the indirect dimensions were set to give zero-and first-order The Z factor of 0.71 within the acceptable range of 0.5 to 1.0 was determined for the FPcA assay with 2.5 µM S100B and 50 nM TAMrA-TrTK (see Materials and methods section for equation). 30 (C) The HTS FPcA was run on four different concentrations of compounds; shown is the resulting percentage inhibition from the 62.5 µM concentration for each compound. Any compounds inhibiting greater than two standard deviations from the mean, shown with the dashed line, were tested by NMR to confirm that they bound S100B for each compound concentration, resulting in 26 inhibitors (see Table 2 ). There were some compounds that appeared to increase the binding, two standard deviations below the average; however, none of these compounds bound S100B, with the false signal caused by FI in the FPcA. Abbreviations: FPcA, fluorescence polarization competition assay; NMR, nuclear magnetic resonance; FI, fluorescence interference; HTS, high-throughput screening. 
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Wilder et al phase corrections of 90° and −180°, respectively. 32, 33 Data were processed using the processing program nmrPipe on Linux workstations. 34 All proton chemical shifts are reported with respect to the H 2 O or HDO signal, taken to be 4.658 ppm relative to external TSP (0.0 ppm) at 37°C. The 15 N chemical shifts were indirectly referenced using the zero-point frequency at 37°C of 0.10132905 for 15 N −1 H, as previously described. [35] [36] [37] Uniformly 15 N-labeled S100B was used to collect two-dimensional heteronuclear single quantum coherence (HSQC) spectra of S100B-compound complexes. Specifically, the 1 H, 15 N-fast HSQC experiment was collected for each point in titrations of Ca 2+ -loaded S100B with various compounds to monitor changes in the backbone 15 N and 1 H resonances of S100B. 38 Typical NMR samples contained 0.05-0.50 mM rat S100B (or C68/84S rat S100B), 0-5.0 mM 
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Figure 4 Molecular structures of the S100B inhibitors. The chemical structures of the 26 compounds confirmed to bind S100B (see Table 2 ) are illustrated with an asterisk, indicating that those compounds bound the cysteine-free S100B mutant, C68/84S. The inhibition mechanism of the other compounds involves the modification of cysteines in S100B. 
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Inhibitors of the S100B-p53 interaction compound, 10 mM TES or 10 mM HEPES, pH 7.2, 15 mM NaCl, 10 mM CaCl 2 , 0.34 mM NaN 3 , 5-10% D 2 O, and 0-5% D 6 -DMSO. Group epitope mapping via saturation transfer difference (STD) NMR was completed for the chlorpromazine-S100B complex in a manner similar to that described previously. 39 Specifically, during the two-second presaturation pulse, the on-resonance irradiation of the protein was performed at a chemical shift of -0.4 ppm and the off-resonance irradiation was applied at 30 ppm, where no protein signals were present. As a control, the STD experiments were collected in the absence of a T 1ρ filter, and as expected, the onedimensional spectrum of holo-S100B was fully restored. The final sample contained 50 µM S100B, 1.0 mM SC0067, 10 mM CaCl 2 , 5% D 6 -DMSO, 99.98% D 2 O, 15 mM NaCl, 0.34 mM NaN 3 , and 10 mM Tris D 11 , at pH 7.2. The STD data were collected at 25ºC to achieve more efficient saturation of the protein. Proton assignments of chlorpromazine were confirmed in the above conditions in the absence and presence of S100B using two-dimensional total correlation spectroscopy experiments. 40 
Protein crystallization
Diffraction quality crystals for the chlorpromazine-Ca 2+ -S100B complex were obtained via sitting drop vapor diffusion at 22°C by mixing 2 µL of S100B protein (40 mg/ mL S100B, 7.5 mM CaCl 2 , 4.0 mM SC0067, 20 mM cacodylate buffer at pH 7.2) with a 2 µL of reservoir solution (200 mM CaCl 2 , 0.1 M Bis-Tris buffer at pH 7.0, and 42% MPD) and equilibrating for 30-60 days. After crystals formed, they were cryoprotected in a harvest solution (200 mM CaCl 2 , 4.0 mM chlorpromazine, 0.1 M Bis-Tris buffer at pH 7.0, 45% MPD, and 5% glycerol) for 30-60 seconds and then flash-cooled in liquid nitrogen. The SC0332-Ca 2+ -S100B (2-3 day crystal formation) and SC0844-Ca 2+ -S100B (15-30 day crystal formation) complexes were crystallized in a similar manner using complex-specific protein buffers (SC0332-Ca 2+ -S100B, 40 mg/mL S100B, 15 mM CaCl 2 , 4.0 mM SC0332, and 20 mM cacodylate buffer at pH 7.2; SC0844-Ca 2+ -S100B, 40 mg/mL S100B, 7.5 mM CaCl 2 , 4.0 mM SC0844, 20 mM Tris buffer, at pH 7.2, reservoir solutions, ie, SC0332-Ca 2+ -S100B, 50 mM MgCl 2 , 0.1 M HEPES buffer at pH 7.4, and 34% PEGMME550; SC0844-Ca 2+ -S100B, 7.5 mM CaCl 2 , 0.2 M Li 2 SO 4 , 62.5 mM cacodylate buffer at pH 8.5, and 38% PEG3350) and harvest solutions (SC0332-Ca 2+ -S100B, 7.5 mM CaCl 2 , 50 mM MgCl 2 , 4.0 mM SC0332, 0.1 M HEPES buffer at pH 7.4, 34% PEGMME550, and 5% glycerol; SC0844-Ca 2+ -S100B, 7.5 mM CaCl 2 , 0.1 M Li 2 SO 4 , 0.5 mM SC0844, 27.5 mM Tris buffer at pH 8.5, 39% PEG3350, and 5% glycerol). Space groups and unit cell parameters are given in Table 1 . SC0067-Ca 2+ -S100B, SC0332-Ca 2+ -S100B, and SC0844-Ca 2+ -S100B had four, one, and two S100B subunits in the asymmetric unit, respectively.
X-ray data collection, model building, and refinement X-ray data for SC0067-Ca 2+ -S100B were collected at 100 K using an in-house X-ray generator (MSC Micromax 7, Rigaku, TX) and a Raxis-4++ image plate detector (Rigaku, TX). X-ray data for crystals SC0332-Ca 2+ -S100B and SC0844-Ca 2+ -S100B were collected remotely at Stanford Synchrotron Radiation Laboratory (beamlines 9-1 and 12-2, respectively, Menlo Park, CA) using an ADSC Quantum-315 CCD detector (Area Detector Systems Corp., Poway, CA) and a MAR325 CCD detector (Marresearch, Germany), respectively. The reflection intensities were integrated and scaled with the HKL2000 suite of computer programs. 41 The crystals of SC0067-Ca 2+ -S100B, SC0332-Ca 2+ -S100B, and SC0844-Ca 2+ -S100B diffracted to 2.04 Å, 1.79 Å, and 1.85 Å resolution, respectively. Preliminary phases were obtained via molecular replacement techniques using the structure of Ca 2+ -bound S100B (PDB file: 1MHO) as a search model and the computer program phaser from the CCP4 program suite. 42, 43 Refinement and model building was completed using REFMAC5 and COOT. 44, 45 The locations of the SC inhibitors and several water molecules were determined by visual inspection of electron density maps calculated with 2mF o -DF c and mF o -DF c coefficients using COOT. 45 It was evident from visual inspection of the 2mF o -DF c and mF o -DF c electron density maps that SC0067 was bound to only two monomers of the four in the asymmetric unit and the occupancy of both chlorpromazine molecules was 1.0. The mercury for the SC0332 molecule was covalently linked to the Cys84 with the mercury at an occupancy of 0.25. The other half of SC0332 found in the hydrophobic pocket was set to an occupancy of 1, except for the sulfur which was set to an occupancy of 0.25. SC0844 occupancy was set to 1.0 and was covalently attached to the Cys84 sulfur similar to the mercury of SC0332 (see Table 1 ). The stereochemistry was checked with the programs WHATCHECK and PROCHEK. 46, 47 The quaternary structure and accessible surface areas were analyzed using the PISA server (http://www.ebi.ac.uk/msd-srv/ prot_int/cgi-bin/piserver). The coordinates for SC0067-Ca 2+ -S100B, SC0332-Ca 2+ -S100B, and SC0844-Ca 2+ -S100B 
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Wilder et al X-ray structure were deposited in the Protein Databank and assigned the following accession numbers: 3LK0 for SC0067-Ca 2+ -S100B, 3LK1 for SC0332-Ca 2+ -S100B, and 3LLE for SC0844-Ca 2+ -S100B. 48, 49 Figures were generated with the program PyMol (http://www.pymol.org).
Results and discussion
Fluorescence polarization competition assay development
Fluorescence polarization assays have been used for HTS applications due to their high sensitivity, rapid readout, homogenous format, and relatively simple instrumentation. However, such assays require optimization to develop a rapid and sensitive method for efficient and reliable screening of large compound libraries. Some of these issues are not necessarily exclusive to polarization assays, or even fluorescent-based assays, but had to be addressed when developing the assay for discovering S100B inhibitors.
Fluorescence polarization competition assay buffer
The buffer originally used was based on the conditions used for the NMR structure determination of peptide-bound S100B (10 mM Tris, pH 6.5, 15 mM NaCl, 10 mM CaCl 2 ) but was modified to represent intracellular conditions better with the addition of 100 mM KCl. 22, 24 The pH and buffer was switched to 50 mM HEPES, pH 7.2, in place of Tris, pH 6.5, again to mimic better intracellular pH and to provide a higher buffering capacity as necessary to prevent compounds from changing pH. This is important during an HTS scenario in Notes: numbers in parentheses represent the last outer shell.
where Ii(h) = observed intensity, and {l(h)} = mean intensity obtained from multiple measurements.
b rcrys and rfree = Σ||Fo|-|Fc||/Σ||Fo|, where |Fo| = observed structure factor amplitude and |Fc| = calculated structure factor amplitude for the working and test sets, respectively. c For Sc0833-ca 2+ -S100B the calculations had 160 residues in the most favored region and eight residues in additionally allowed regions. 
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Inhibitors of the S100B-p53 interaction which the pH is not trivial to adjust after the addition of each compound. It was also necessary to add 5% DMSO and 0.1% Triton X-100 to provide the optimal conditions for compound solubility.
Typically, compound libraries used for HTS screens are prepared in 100% DMSO due to its ability to dissolve a wide range of compounds. The FPCA assay will be used to screen relatively high concentrations of compound, so even weakly binding compounds including those that bind with low micromolar affinities could be identified; under such conditions, the final concentration of DMSO would also increase. Therefore, it was necessary to determine a concentration of DMSO that appreciably solubilized the compounds in aqueous solutions, but had a minimal affect on peptide binding. 50 With this in mind, the affinity of S100B for target peptide was tested under varying concentrations of DMSO. In the final FPCA, 5% DMSO was used because it only decreased the affinity for the peptide minimally (,2.0-fold) and allowed a high enough concentration of compound to be screened, consistent with previous studies showing that the use of 5% DMSO or greater increases the solubility of some of the compounds in aqueous solutions. 50 The inclusion of Triton X-100 in the FPC assay was done to reduce false positives caused by compounds that themselves form aggregates and, in turn, sequester proteins nonspecifically. Compounds such as these, termed "promiscuous binders", need to be minimized, as previously described. 51, 52 The FPCA was tested on the same library of compounds in the absence and presence of either 0.05% or 0.10% Triton X-100 in order to identify "promiscuous binders". While both 0.10% and 0.05% Triton X-100 effectively reduced such false positives in the FPCA, it was decided that 0.10% Triton X-100 would be used in the final assay as a cautious measure. As an additional benefit, the addition of Triton X-100, like the small amount of DMSO, also increased the solubility of many of the compounds.
Selection of fluorescently-labeled peptide probes
Several peptides have been found to bind S100B with different aff inities, including one derived from p53, CapZ (TRTK-12), Hdm2, and Hdm4. 18 These peptides were also synthesized with a specific N-terminal FITC or TAMRA label. To screen for inhibitors of the S100B-p53 interaction, it seemed logical to use a peptide based on the well-characterized C-terminal peptide of p53, and initially the FPCA was performed with a peptide comprising residues 367-393 of human p53 with a single FITC conjugated to its amino-terminus (FITC-p53 ). This peptide was shown to bind to Ca 2+ -S100B by fluorescence polarization, and could be competed off with the unlabeled p53, TRTK-12, and Hdm4 peptides, showing that the four peptides bind in the same location on S100B. However, the K D of FITC-p53 367-393 was found to have a significantly higher affinity than the unlabeled version, indicative of the FITC moiety contributing to the binding interaction. In addition, the fluorescence lifetime of the FITC varies with pH, so any slight change in pH could result in a false-positive reading. Lastly, it is also documented that FITC is sensitive to the solutions redox state, which is another source of false-positive readings, particularly with numerous compounds in the Spectrum Collection library. 53 Thus, for compounds such as these, a time-dependence and sensitivity to reducing agents was noted, again due to the physical characteristics of FITC responding to the solutions redox state and not as the result of binding to S100B. To avoid these problems with the use of FITC, the N-terminal TAMRA-labeled peptides were used here.
A TAMRA-labeled version of the p53 peptide (TAMRAp53 ), TRTK-12 (TAMRA-TRTK), and Hdm4 (TAMRAHdm4) were synthesized, and their affinities for S100B determined under assay conditions. The TAMRA-p53 367-393 , TAMRA-TRTK, and TAMRA-Hdm4 were found to have K D values of 25.39 ± 2.97 µM, 1.19 ± 0.65 µM (see Figure 3A) , and 3.08 ± 0.39 nM, respectively. The particularly high affinity of the Hdm4 peptide was surprising, and the peptide can be used in secondary screens for the highest binding inhibitors discovered. However, this peptide would not be useful for screening large libraries because the probe concentration would have to be ,1 nM, which is too low to make accurate polarization readings for many commercially available plate readers. On the other hand, the relatively low affinity binding of the TAMRA-p53 367-393 peptide would require high concentrations of S100B that would be prohibitive to complete a screen of a large compound library. However, the affinity of the TAMRA-TRTK peptide for S100B was ideally suited to accommodate sufficient screening ability without the need for extremely large quantities of protein. For these reasons, it was chosen for use in the FPCA assay. The dynamic range for measuring polarization for this peptide in the free and bound state was also favorable, with the free TAMRA-TRTK peptide giving a polarization value of 134.2 ± 5.1 mP that increased to 308.2 ± 7.4 mP with saturating S100B (.99.5% occupancy). For the most sensitive polarization competition assay, the fraction of [ligand bound]/[total ligand] should be between 0.5 and 0.8, with the total ligand (TAMRA-TRTK) being 2 × K D; 54 therefore, 2.5 µM S100B was used with High-throughput screen using FPcA
As illustrated (see Figure 2) , the TAMRA-TRTK FPCA was used to screen the 2000-compound Spectrum Collection library, and 26 compounds were identified as possible S100B inhibitors. The assay was done in a high-throughput mode using four different concentrations of compound, ie, 62.5, 31.3, 15.6, and 7.8 µM. Under these conditions, compounds that inhibited the binding by at least twice the standard deviation from the mean values of all the tested compounds were considered to be top candidate inhibitors (see Figure 3C ). Using these selection criteria, there were 39 (2.0%), 39 (2.0%), 37 (1.9%), and 32 (1.6%) compounds from the 2000 total that were selected for secondary screens for the 62.5, 31.3, 15.6, and 7.8 µM concentrations, respectively. Several other compounds were initially identified because they appeared to increase the binding to the peptide. However, upon closer inspection, these compounds were causing fluorescence interference (FI) with the assay. The FI could be due to the compound having overlapping fluorescence, quenching the fluorophore, and/or changing the fluorescence lifetime of the probe. Once these compounds were eliminated from further consideration, a total of 49 compounds were selected for secondary screening using NMR, with 26 compounds meeting the selection criteria (Figure 4 ). In the end, it was determined that all 26 compounds shown to bind S100B using the NMR secondary screening method would have been selected using either the 31.3 or 62.5 µM concentrations alone. Nonetheless, the use of four concentrations is still in use because it also allows for an estimation of the IC 50 , and also allows for easy identification of FI in the FPCA that might not be seen using a single concentration. However, for very large screens, to save material, the assay can be reliably completed using only 31.3 or 62.5 µM.
Secondary screening of compounds by nMr
The monitoring of NMR chemical shift perturbations for 1 H and 15 N resonances in S100B upon the addition of compound was used as a secondary screen of the top 49 compounds identified from the FPCA. These NMR data were important to eliminate false positives as well as to provide residuespecific information for mapping the compound binding site on Ca 2 -bound S100B. For such measurements, recombinant S100B protein was produced with 15 N ammonium chloride as its only nitrogen source, so backbone 15 N amide and 1 H N protons could be readily detected in the presence and absence of the small molecule inhibitor using the 1 H-15 N edited HSQC experiment. However, collecting HSQC data such as these is not as rapid as with the FPCA, such that it is most useful as a secondary screen when only a limited number of samples need to be examined. For example, the automatic sample changers commercially available for NMR spectrometers typically hold 60 to 250 samples, with each sample requiring two 10-minute periods of data collection. Here, the samples were all prepared using 10-fold excess compound versus S100B (100 µM; 10 mM Ca 2+ ). These data were compared with a S100B spectrum in the absence of compound, and only compounds that caused changes in 
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Inhibitors of the S100B-p53 interaction the chemical shift values and/or caused loss of peaks due to chemical exchange broadening were considered to be S100B inhibitors. In addition to these data providing confirmation compound binding, the NMR chemical shift perturbations also provide residue-specific data that are useful for defining the compound binding site on the protein in solution, particularly given that the high resolution structure of Ca 2+ -S100B is known (see Figure 6A) .
The NMR screening confirmed that 26 of the 49 compounds identified in the FPCA assay were indeed binding Ca 2+ -bound S100B. Many of the "false-positive" hits originally identified in the FPCA were subsequently found to possess intrinsic fluorescence that directly interfered with fluorescence polarization (ie, FI). However, nine compounds initially selected in the FPCA, but later shown to have FI in the FPCA, did in fact still bind S100B as determined by NMR. Therefore, it is not recommended to have a prescreen to eliminate compounds that potentially have FI in the FPCA.
For example, two compounds, SC0931 and SC1036, are structurally very similar. In a quantitative titration using the FPCA, SC0931 was found to bind to Ca 2+ -S100B with the highest affinity (K D = 0.04 ± 0.01 µM) of all the compounds that were discovered here (0.04 µM , K D , 1500 µM); whereas the affinity of SC1036 could not be determined quantitatively in the FPCA due to FI. Thus, this compound showed some binding in the initial screen and was found to bind S100B by NMR. If a prescreen that eliminated the testing of compounds with FI, then SC1036 would not have been included in the NMR screen and hence not discovered as a potential lead. In addition, it should also be noted that the intrinsic fluorescence of a compound, while interfering with quantitative interpretation of the FPCA screen, is useful for monitoring binding via direct fluorescence changes (ie, as was the case with SC0844, see Table 2 and Figure 10 ). For the other nine compounds that had FI but were determined to bind S100B via NMR, only very rough estimates of their binding affinities The compounds identified in the initial screen were confirmed to bind S100B via NMR HSQC experiments. b Secondary titrations using the FPcA were done to determine Ic 50 of the compounds, however, fluorescence interference (FI), from overlapping fluorescence, quenching, etc…, prevented an exact IC 50 from being determined for certain compounds. 
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could be obtained at this time, and they remain compounds of interest for further investigation. In order to provide further structural details of how the compounds identified interact with S100B, several of the compound-S100B complexes were crystallized and their structures determined at atomic resolution.
Structural studies of the chlorpromazineca 2+ -S100B complex
The X-ray structure of chlorpromazine bound to Ca 2+ -S100B was solved at 2.04 Å resolution (see Figure 5 and Table 1 ). In the chlorpromazine-Ca 2+ -S100B structure, the asymmetric unit included four subunits of S100B monomers designated A-D; models A and B of the monomers formed the biologically active dimeric form of S100B. Each monomer in the Ca 2+ -S100B structure contained Met-0 to Glu-89, eight calcium ions, and two chlorpromazine molecules. Models A and D, each a monomer representing half of the biological dimer, had a bound chlorpromazine molecule. In the final refined models, residues of S100B in the chlorpromazineCa 2+ -S100B complex were nearly all in the most favorable region of their respective Ramachandran plots (95%) with the remaining residues falling into the allowed region (5%, see Table 1 ).
As expected, the two EF-hand calcium binding domains in each subunit were found to coordinate two 
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Inhibitors of the S100B-p53 interaction Ca 2+ ions, as found previously with the typical EF-hand of S100B in the Ca 2+ -bound "open" conformation and the dimer interface aligned as a symmetric X-type four helix bundle comprising helices 1, 1' and 4, 4', respectively (see Figure 1) . 27, [55] [56] [57] [58] The global fold for S100B in all four monomers in the chlorpromazine-Ca 2+ -S100B complex was similar to that reported for Ca 2+ -bound S100B, Zn 2+ , Ca 2+ -S100B, and several other Ca 2+ -loaded S100 proteins. [59] [60] [61] [62] The binding of chlorpromazine compound caused only minor structural perturbations, as evidenced by low root-mean-square distance (RMSD) values between the chlorpromazine-bound monomers in the asymmetric unit compared with unbound structures in the asymmetric unit ( mainchain RMSD≈0.27 Å). 42, 58 Specifically, each subunit of S100B in the chlorpromazine-Ca 2+ -S100B complexes contained four helices (helix 1, E2-G19; helix 2, K28-L40; helix 3, E49-D61; helix 4, D69-F88) and one small antiparallel β-sheet (strand 1, K26-K28; strand 2, D69-E67).
It was necessary to model the chlorpromazine molecule into sparse electron density in only two of the asymmetric units of S100B, with each molecule having an occupancy of 1. Modeling chlorpromazine into the electron density maps calculated with 2mF o -DF c and mF o -DF c coefficients showed that the chlorpromazine molecule was oriented in the hydrophobic pocket of Ca 2+ -S100B with the tricyclic moiety nearby several hydrophobic residues on the hinge (H42 and F43) and helix 4 (A83, C84, F87, and F88). The dimethylamine moiety of chlorpromazine was found to be extending toward the C-terminal end of S100B (F87 and F88). Overall, the S100B-chlorpromazine interaction was stabilized via hydrophobic interactions, with residues in loop 2 (H42, F43) and in helix 4 (A83, C84, F87, F88) contributing most to binding (see Figure 5 ). The X-ray structure of the chlorpromazine-Ca 2+ -S100B complex is fully consistent with chemical shift perturbation and saturation transfer difference data collected in solution by NMR (see Figure 6 ). Figure 6A) . In HSQC titrations with chlorpromazine the 1 H-15 N HSQC correlations of Ca 2+ -S100B shifted for several residues in helix 1 (E2, E4, V8, D12, F14, S18), loop 1 (K29), loop 2 (F43, E45, E49, and E51), helix 3 (V52, V56, T59, and L60) and helix 4 (M74, A75, V77, M79, A83, F87, E89, and H90). The strength of the STD-NMR signals for the methyl group protons from the rings of the molecule, and the methyl protons on the tertiary nitrogen interact closely with S100B (see Figure 6B ). In addition, the location of the chlorpromazine overlaps the binding site found for other S100B inhibitors (see Figure 7) . 19, 60 A B C D Figure 7 comparison of X-ray structures of small molecules bound to S100B. Surface diagrams of chlorpromazine (Sc0067)-ca
2+
-S100B x-ray structure is shown overlaid with other small molecules previously crystallized with ca 2+ -S100B: (A) SBi132, (B) SBi279, (C) SBi523, and (D) pentamidine. 19, 60 The X-ray structure of SC0332 bound to Ca 2+ -S100B was solved in the C222 1 space group at 1.79 Å resolution (see Figure 8 and Table 1 ). The asymmetric unit for the SC0332-Ca 2+ -S100B structure included one monomer of S100B containing 88 residues (Met-0 to Phe-87), two calcium ions, two SC0833 molecules, and 71 water molecules. The global fold and Ca 2+ ion coordination of S100B in the SC0322-Ca 2+ -S100B complex were very similar to that reported previously for Ca 2+ -S100B. 42, 58 Specifically, each subunit of S100B in the SC0322-Ca 2+ -S100B complex contained four helices (helix 1, E2-G19; helix 2, K28-L40; helix 3, E49-D61; helix 4, D69-F88) and one small antiparallel β-sheet (strand 1, K26-K28; strand 2, D69-E67). The two EF-hand Ca 2+ -binding domains in each subunit were found to coordinate two Ca 2+ ions as found previously with the typical EF-hand of S100B in the Ca
-bound "open" conformation and the dimer interface aligned as a symmetric X-type four helix bundle comprising helices 1, 1' and 4, 4', respectively. 27, [55] [56] [57] [58] Thimerosal (SC0332) is known to covalently modify cysteine residues in proteins forming ethylmercury adducts and releasing thiosalicylic acid (see Figure 9 ), so it was no surprise that one of the two cysteines in S100B, Cys84, was covalently modified. 63 However, visual inspection of the 2mF o -DF c and mF o -DF c electron density maps show that in addition to the ethylmercury adduct on Cys84, the thiosalicylic acid moiety remained associated with S100B near helix 3 and the N-terminus of helix 4. In addition, it should be noted that the mercury atom and thiosalicylic acid moiety had to be modeled with 0.25 occupancy. With these parameters, the electron density for the two hydrolyzed products of the SC0332 molecule were well defined with reasonable mean B-values (Å Table 1 ). Nearly all of the residues of S100B (94.0%) in the SC0332-Ca 2+ -S100B complex were in the most favorable region of the Ramachandran plot with the remaining 6.0% of the residues in the allowed region (see Table 1 ). The thiosalicylic acid was oriented in the hydrophobic pocket adjacent to a p53 peptidebinding site as described previously (see Figure 1) . 64, 65 The ring interacted with several hydrophobic residues on the helix 3 (V56, T59, and L60) and helix 4 (F76, M79, and I80).
Due to the interaction seen in the X-ray crystal structure, thiosalicylic acid alone was next tested for its ability to bind 
C84
Figure 8
The X-ray structure of thimerosal Sc0332-ca 2+ -S100B. A) ribbon and surface diagram of Sc0332-ca 2+ -S100B illustrating the location of Sc0322 (Sc0322, orange; nitrogen, blue; oxygen, red; sulfur, orange) with one mercury moiety covalently bound to cys84 and the benzene in the hydrophobic pocket. B) The electron density maps calculated with the 2mF o -DF c coefficients (1.0σ) for Sc0322 in each site. C) residues of S100B within 4Å of Sc0322 bound to benzene site and depicting the distance from Cys84 that is modified by the mercury. (Protein Databank accession number: 3LK1). 
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Inhibitors of the S100B-p53 interaction S100B. While it did not significantly inhibit the binding of TAMRA-TRTK in the FPCA even at 2.5 mM, it did cause significant chemical shift perturbations of the HSQC NMR spectra in the fast-exchange regime. The addition of 1 mM thiosalicylic acid to 100 µM S100B caused shifts in the end of helix 2 into the hinge region (N38, L40, S41), a flexible loop between helix 2 and 3, helix 3 (V56 and L60), and helix 4 (A75, F76, V77, S78, M79, T81, T82, A83) in amino acids consistent with the position of the thiosalicylic acid moiety in the SC0332-Ca 2+ -S100B X-ray crystal structure.
Structural studies of the sanguinarineca 2+ -S100B complex
The X-ray structure of SC0844 bound to Ca 2+ -S100B was solved at 1.85 Å (see Figure 10 and Table 1 ). The asymmetric unit for the SC0844-Ca 2+ -S100B structure included the biologic homodimer each consisting of 90 residues per monomer (Met-0 to Glu-89), four calcium ions (two per monomer), one SC0844 molecule, and 19 water molecules (see Figure 10 and Table 1 ). It was evident from visual inspection of the electron density maps calculated with 2mF o -DF c and mF o -DF c coefficients that the only way to model SC0844 accurately was to link the molecule to Cys84 covalently. The covalent modification of Cys84 by SC0844 observed here was not surprising based on previous observations that cysteine residues in proteins are modified by a structurally related compound, chelerythrine (see Figure 11) . 66 The SC0844 molecule was found adjacent to the crystallographic two-fold The X-ray structure of the Sc0844-ca 2+ -S100B complex. A) ribbon and surface diagram of sanguinarine (Sc0844)-ca 2+ -S100B, illustrating the location of SC0844 (SC0844, orange; nitrogen, blue; oxygen, red; sulfur, orange) covalently bound to cys84. B and C) The electron density maps calculated with the 2mF o -DF c coefficients (1.0σ) for Sc0833 in each monomer of the biological dimer. D) residues in ca 2+ -S100B involved in coordinating Sc0844. (Protein Databank accession number: 3LLe). axis and modeled with an occupancy of 1.0. Thus, the interactions between SC0844 and each S100B dimer were identical across the two-fold axis. Furthermore, the electron density for SC0844 was well defined (see Figure 10 ) with reasonable mean B-values (Å 2 ; 33.62), which were comparable with the average B-factor for all protein atoms (33.61; see Table 1 ). Modeling SC0844 into the electron density maps calculated with 2mF o -DF c and mF o -DF c coefficients showed that the SC0844 molecule was oriented in the hydrophobic pocket of Ca 2+ -S100B covalently linked to Cys84, with the five rings lying flat across the hydrophobic pocket. Other than the covalent link with Cys84, the other two major interactions are ring stacking with Phe-43 from the flexible hinge region connecting helix 2 and helix 3, and with Phe-87 from the C-terminal region on helix 4. Surprisingly, the C-terminal end of helix 4 bent approximately 45° towards helix 1 of the other dimer. This conformational change was necessary for Phe-87 to ring stack with SC0844, and is the largest conformational change seen in S100B as a result of compound binding thus far. 19, 60 Nearly all of the residues in SC0844-Ca 2+ -S100B (95.2%) were in the most favorable region of the Ramachandran plot, with the remaining 4.8% of the residues in the allowed region (see Table 1 ). While the global fold and Ca 2+ -ion coordination of S100B in the SC0844-Ca 2+ -S100B complex were very similar to that reported previously for Ca 2+ -S100B (see Figure 11 ), the binding of the compound causes a significant bend in helix 4 following residue Thr-81. 42, 58 With the bend induced in helix 4, each subunit of S100B in the SC0844-Ca 2+ -S100B complex now contained five helices (helix 1, E2-G19; helix 2, K28-L40; helix 3, E49-D61; helix 4a, D69-T81; helix 4b, T82-H85) and one small antiparallel β-sheet (strand 1, K26-K28; strand 2, D69-E67). The two EF-hand calcium binding domains in each subunit were found to coordinate two Ca 2+ -ions as found previously with the typical EF-hand of S100B in the Ca 2+ -bound "open" conformation and the dimer interface aligned as a symmetric X-type four helix bundle comprising helices 1, 1' and 4, 4', respectively. 27, [55] [56] [57] [58] cysteine dependence of compound binding It became clear with the completion of the X-ray crystal structures of SC0332 and SC0844 that covalent modification of Cys84 within the hydrophobic binding pocket is likely a common mechanism of the present S100B inhibitors. Therefore, the FPCA and NMR screens were repeated on the 26 compounds found to interact with S100B using a mutant of S100B, C68/84S, containing no cysteines. The C68/84S mutant S100B is properly folded, as judged by very minimal changes in its NMR HSQC spectrum, although it has a slightly decreased affinity for TAMRA-TRTK (K D is 2.42 ± 0.46 µM versus 1.19 ± 0.65 µM for the wild type). The majority of the S100B inhibitors, 19 out of 26, did not inhibit the binding of TAMRA-TRTK to the C68/84S mutant S100B, and these results were confirmed by NMR experiments showing the compounds no longer bound the mutant protein (see Table 2 ). While there are drugs in use that will covalently modify proteins, they are generally avoided due to their potential lack of specificity. However, other groups have taken the approach of creating libraries of drugs that bind to cysteine residues on purpose, even mutating their protein to contain a cysteine in order to get the structure of compound-protein complexes such as these. Such data, in any case, provide a useful starting point for building a specific inhibitor, as it will here for S100B.
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Conclusion
The FPCA developed here can be used in HTS to identify S100B inhibitors. Screening of the relatively small spectrum collection resulted in several inhibitors that were confirmed by NMR. It was important to show by an independent method that the compounds identified in the FPCA directly bind Ca 2+ -loaded S100B. For this purpose, NMR spectroscopy was chosen because chemical shift perturbations or chemical exchange broadening, as measured in 1 H- 15 N HSQC experiments, occur for amino acid residues that directly interact with the ligand and/or as a result of more distant structural changes in the protein caused by the compound binding. 68 The combination of screening methods provided 26 compounds that inhibited S100B in vitro. However, for the small collection examined here, most of the molecules that showed binding were found to modify at least one of the two cysteine residues in S100B covalently. Such molecules and the resulting three-dimensional structures determined here will be useful probes for the protein binding site that may lead to the design of better compounds, with the long-term goal of developing novel therapeutic agents for cancers such as malignant melanoma. However, compounds such as chlorpromazine (SC0067), which do not react covalently with S100B, will likely represent better leads. The fact that the binding site of chlorpromazine on Ca 2+ -S100B overlaps with those discovered for other S100B inhibitors (see Figure 7) suggests that this region of S100B represents a common "hot spot" for S100B inhibitors. 19, 60 
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Inhibitors of the S100B-p53 interaction Future studies will focus on discovering more lead compounds that inhibit S100B using the FPCA in vitro binding assay, including applying this method in combination with computer-aided drug design. The lead compounds presented here, as well as others discovered in larger screens, will then be further developed by modifying the compounds based on structure/activity relationships. It may be possible by tethering two or more lead compounds to derive a compound that binds S100B more tightly and with higher specificity.
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